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Abstract
The oncogene HER2 is overexpressed in a variety of human tumors, providing a target for anti-
cancer molecular therapies. Here we employed a 2’-O-methoxyethyl (MOE) splice switching
oligonucleotide, SSO111, to induce skipping of exon 15 in HER2 pre-mRNA, leading to
significant downregulation of full-length HER2 mRNA, and simultaneous upregulation of
Δ15HER2 mRNA. SSO111 treatment of SK-BR-3 cells, which highly overexpress HER2, led to
inhibition of cell proliferation and induction of apoptosis. The novel Δ15HER2 mRNA encodes a
soluble, secreted form of the receptor. Treating SK-BR-3 cells with exogenous Δ15HER2 protein
reduced membrane-bound HER2 and decreased HER3 transphosphorylation. Δ15HER2 protein
thus has similar activity to an autoinhibitory, natural splice variant of HER2, Herstatin, and to the
breast cancer drug Herceptin. Both SSO111 and Δ15HER2 may be potential candidates for the
development of novel HER2-targeted cancer therapeutics.
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Introduction
HER2/ErbB2, a member of human EGFR (epidermal growth factor receptor) family of
transmembrane receptor tyrosine kinases, is an oncogene amplified and/or overexpressed in
many human malignancies, especially in 25–30% breast cancers.1 HER2 overexpression
correlates with enhanced tumor aggressiveness and decreased patient survival.2 Unlike the
other three family members (EGFR/HER1, HER3 and HER4), HER2 has no known high
affinity ligands,3 and is constitutively active as a homodimer in HER2-overexpressing cells.
4 EGFR/HER1, HER3, or HER4 preferentially recruit HER2 upon ligand binding to form
heterodimers and become transactivated, which leads to downstream signaling, primarily
through mitogen-activated protein kinase (MAPK) and phosphatidylinositol 3-kinase
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Novelty and impact of the paper:
- A novel strategy was utilized to regulate HER2 protein expression, i.e. using splice switching oligonucleotides to alter splicing
of HER2 pre-mRNA.
- A novel HER2 truncated protein was generated through the mRNA variant identified with splice switching oligonucleotides,
which was found to inhibit HER2 and HER2-mediated HER3 transactivation.
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(PI3K)/protein kinase B (Akt) pathways.5 HER2-containing heterodimers, especially
HER2•HER3, are the most efficient in ligand binding and signal transduction among EGFR
dimers and crucial in mediating cell proliferation and survival in HER2 positive tumors.6
Given its vital role in EGFR family signaling and tumorigenesis, HER2 is an important
target for cancer therapeutics. Current approaches include humanized monoclonal antibodies
against HER2 extracellular domain (ECD) and tyrosine kinase inhibitors targeting the
intracellular kinase domain.7 Successful examples are Herceptin/Trastuzumab,8 the first
FDA-approved HER2-targeted therapeutic for HER2 positive breast cancer, and lapatinib.9
Due to development of drug resistance,10 common in cancer, and limitations of existing
therapeutics,11 new strategies are still being developed.12–15
Work from this and other laboratories showed that alternative splicing not only increases
proteome complexity, but also serves as a target for molecular therapies.16–19 Splice
switching oligonucleotides (SSOs) can be used to manipulate alternative splicing pathways
by hybridizing to pre-mRNA sequences important for splicing, thereby altering the
expression of targeted genes, both in cell culture and in vivo.20 SSOs can repair aberrant
splicing,21, 22 or alter normal splicing to abrogate the expression of diseasecausing genes,
and even lead to production of autoinhibitors.23 Two HER2 splice variants arising from
intron retention have been reported, both being soluble dominant negative inhibitors of
HER2, which likely interfere with receptor dimerization.24, 25 Herstatin, generated by
retention of intron 8, has been recognized as a promising anticancer drug candidate.26 Here
we show that SSO-induced skipping of exon 15 in HER2 pre-mRNA results in significant
reduction of full length, membrane bound HER2 protein, and concomitant apoptosis of
HER2-overexpressing SK-BR-3 breast cancer cells. Importantly, the protein encoded by the
novel HER2 mRNA lacking exon 15, Δ15HER2, was a HER2 inhibitor that downregulated
full-length HER2 protein and reduced transphosphorylation of HER3.
Materials and Methods
Cell lines
SK-BR-3 cells were cultured in McCoy’s 5A medium supplemented with 10% fetal bovine
serum. MCF7 cells were cultured in modified essential medium supplemented with 10%
fetal bovine serum, 1 mM sodium pyruvate (Life Technologies, Inc.) and 0.1 mM
nonessential amino acids (Sigma). Twenty-four hours prior to oligonucleotide or plasmid
treatment, the cells were plated in 2 ml of medium in 6-well plates at a density of 3 × 105
cells/well, or in 1 ml of medium in 24-well plates at a density of 1 × 105 cells/well.
Oligonucleotide Treatment
2’-O-(2-Methoxyethyl)- or 2’-MOE-modified oligoribonucleotide phosphorothioate 20-mer
SSO111 (GACCGTTGGACTCACGAGTG) antisense to the 5’ splice site of HER2 exon 15
(underline, targeting exon 15; non-underline, targeting intron 15) was used. A mismatched,
SSO111m (GACCATTCGACACACCAGTG; mismatches underlined) and unrelated SSO
(ctrl), with anti-β-globin sequence (GCTATTACCTTAACCCAG) 27 was used as a
negative control. All oligonucleotides were synthesized and purified by IDT, Inc.
(Coralville, IA). The cells were treated with oligonucleotides complexed with
Lipofectamine™ 2000 (Invitrogen) according to the manufacturer’s directions at the
concentrations indicated on the figures. Analyses were carried 24–72 hours after
transfection.
Plasmid construct and purification of Δ15HER2-His protein
The Δ15HER2 sequence was reverse-transcribed and amplified from the total RNA isolated
from SK-BR-3 cells treated with SSO111 for 24 hours. The forward and reverse primers
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used were CACCATGGAGCTGGCGGCCT and TCCAGGTCCACACAGCGGTCC,
respectively. The Δ15HER2 sequence was cloned into the pcDNA™3.1, a directional TOPO
expression vector (Invitrogen), which encodes six histidine residues at the carboxy terminus
of the expressed protein. The Δ15HER2-His expression plasmid was transfected into MCF-7
cells with Lipofectamine™ 2000 (Invitrogen) in serum-free medium. After 48 hours, the
medium was collected, concentrated, purified with HisPur™ Cobalt spin columns (Pierce),
and desalted using Zeba™ Desalt spin columns to yield the soluble Δ15HER2-His protein.
Purity of the protein was confirmed by SDS-PAGE and SimplyBlue™ (Invitrogen) staining,
and the yield was determined by Bradford Assay.
RNA isolation and reverse transcription-polymerase chain reaction (RT-PCR)
Cells were lysed in 800 µL of TRI-reagent and total RNA was isolated as suggested by the
supplier (Molecular Research Center, Inc.). For RT-PCR, the reverse transcription (RT)
mixture containing 200 ng of RNA, the reverse primer only and the rTth polymerase
(PerkinElmer Life Sciences), was incubated at 70°C, 15min; PCR was carried out after
addition of the forward primer and 0.02mM Cy5-AP3-dCTP (GE Healthcare) at: 95°C, 3
min, 1 cycle; 22 cycles of 95°C for 30 sec, 56 °C for 30 sec, 72°C for 1 min, plus a final
extension at 72°C for 7 min. The forward and reverse primers were 5’-
GCTCCCCAGGGAGTATGTGAATGC-3’ and 5’-CAGAGGGCTGGCTCTCTGCTCG-3’,
respectively. The PCR products (exon15-included: 307bp; exon15-skipped: 146bp) were
separated on 10% non-denaturing polyacrylamide gels (Invitrogen). Bands were visualized
on Typhoon™ Variable Mode Imager (GE Healthcare), and quantified with ImageQuant™
software (GE Healthcare). Yield calculations of Δ15HER2 mRNA reflect the fact that the
number of Cy5-labeled cytidine nucleotides in the exon15-included band is 2.3 times higher
than that in the Δ15-band. Thus, the percent of correction is higher than appears from the
autoradiograms.
Western blot analysis and immunoprecipitation
Cells were washed twice with PBS and lysed in RIPA buffer (radioimmune precipitation
assay buffer; 50 mM Tris-HCl, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 0.1% SDS,
and 1% sodium deoxycholate) and a mixture of protease inhibitors (Sigma). Total protein
(20 µg) was separated by electrophoresis on a 4–10% pre-cast Bis-Tris gel (Invitrogen) and
electrotransferred to a polyvinylidene difluoride (PVDF) membrane. Membranes were
blocked for 30 min in StartingBlock (PBS) blocking buffer (Pierce) and incubated overnight
at 4°C with different primary antibodies (all at 1:4000 dilution): rabbit erbB2 polyclonal
antibody (Abcam), mouse PARP monoclonal antibody (Invitrogen), rabbit erbB3 polyclonal
antibody (Abcam), rabbit phospho-HER2/erbB2 (Tyr877) polyclonal antibody (Cell
Signaling), rabbit phospho-HER3/erbB3 (Tyr1289) monoclonal antibody (Cell Signaling),
rabbit Akt polyclonal antibody (Cell Signaling), rabbit phospho-Akt(Ser473) polyclonal
antibody (Cell Signaling), or mouse β-actin monoclonal antibody (Sigma). After 1-hour
incubation with horseradish peroxidase-conjugated goat-anti-rabbit (1:100,000 dilution;
Abcam) or goat-anti-mouse (1:100,000 dilution; Invitrogen) secondary antibodies, blots
were developed with ECL™ Plus reagents (GE Healthcare) and exposed to Kodak film.
HER2, HER3, full-length PARP, cleaved PARP, Akt, and β-actin migrated at ~180, 185,
116, 85, 60, 42 kDa, respectively. β-actin was used as a loading control.
For immunoprecipitation, cells were lysed in NP-40 buffer (50 mM Tris-HCl, 100 mM
NaCl, 1% nonidet-P40, 10% glycerol) supplemented with protease inhibitors. Total protein
(0.5–1 mg) was incubated with the indicated antibody for 1 hour with shaking at 4°C, and
with 20 µl of protein A/G plus-agarose immunoprecipitation reagent (Santa Cruz) at 4°C
overnight. The immune complexes were washed three times with cold PBS, resuspended in
electrophoresis sample buffer, and analyzed by Western blots.
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Cells (~2×104/well) were plated in 96-well plates 24 hours prior treatment, and treated in
triplicates with 100 nM of the indicated SSOs and Lipofectamine™ 2000 (Invitrogen), or
purified Δ15HER2-His protein at the designated concentrations. After 72 hours, CellTiter
96® AQueous One Solution reagent (Promega) was added into each well of the 96-well plate,
and incubated at 37°C for 1–4 hours. The absorbance, which is proportional to the number
of viable cells, was recorded at 490nm using a 96-well plate reader. Cell viability was
normalized to mock-treated cells.
Results
Skipping of HER2 exon 15 in SSO-treated SK-BR-3 cells
Compared to intron retention, needed for induction of the natural splice variant Herstatin,
exon skipping is more amenable to SSO technology. Therefore, we analyzed the HER2 gene
sequence and exon/intron organization, and reasoned that SSO-induced skipping of exon 15
would lead to downregulation of mRNA coding full length, membrane bound HER2 and
simultaneous upregulation of Δ15HER2 mRNA. To test this hypothesis, HER2-
overexpressing SK-BR-3 breast cancer cells were transfected with SSO111, a 20-mer 2’-O-
MOE phosphorothioate oligonucleotide targeted to the 5’ splice site of exon 15 in HER2
pre-mRNA (Fig. 1A). The 2’-O-MOE modification was chosen because it prevents RNase
H-mediated degradation of targeted pre-mRNA, improves SSO binding affinity, and
enhances nuclease resistance and pharmacological activity of the SSO.28, 29
RT-PCR analysis of total cellular RNA 24-hour post-treatment showed that SSO111 induced
a dose-dependent skipping of exon 15, as indicated by an increase in the ratio of Δ15HER2
to full length mRNA (Fig. 1B). With 100 nM SSO111, Δ15HER2 mRNA reached ~65% of
the total. The exon-skipping effect was sequence-specific, as SSO111m, with four
mismatches, had a significantly reduced activity, and a globin-targeted SSO (ctrl), had no
effect (Fig. 1B). Maximal skipping of exon 15 by SSO111 occurred 36 hours post-
transfection and persisted for at least 72 hours (Fig. 1C).
Analysis of total cellular protein by immunoblot with an N-terminal HER2 antibody showed
that, consistent with the decrease of HER2 mRNA as shown in RT-PCR results, SSO111
reduced full length HER2 protein in a dose (Fig. 2A) and time (Fig. 2B) dependent manner.
At 100 nM, SSO111 treatment reduced HER2 protein by 50% and 95%, at 24 and 72 hours
post transfection, respectively. As expected, treatment with control SSOs had no or minimal
effect on HER2 expression.
Growth inhibition and apoptosis of SK-BR-3 cells caused by SSO111
Since survival of SK-BR-3 cells is dependent on HER2 overexpression, we hypothesized
that SSO111 treatment may lead to cell death much more readily than MCF-7 cells, which
express low levels of HER2 (Fig. 3A).30, 31 Indeed, 72-hour incubation with 100 nM
SSO111 inhibited survival of SK-BR-3 cells by ~60%, compared to only 25% in MCF7
cells (Fig. 3B), relative to control SSO. Mismatch SSO111m had a slight effect, which was
again more pronounced in SK-BR-3 than in MCF7 cells (Fig. 3B). It is worth noting that
SSO111 did induce exon 15 skipping in MCF7 cells (data not shown). Therefore, the lack of
SSO111 effects in MCF7 cells was not due to poor uptake of the SSO into those cells and/or
its poor splice switching efficiency, and confirmed that SSO111-induced cell growth
inhibition is sequence and HER2 level dependent.
We found also that the cytotoxic effect of SSO111 on SK-BR-3 cells was due to its ability to
induce apoptosis. SSO111 treatment showed sequence specific, dose (Fig. 4A) and time
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(Fig. 4B) dependent induction of PARP cleavage, an early marker for apoptosis. In contrast,
SSO111 induced only minimal PARP cleavage in MCF7 cells (Fig. 4C), again
demonstrating its HER2-dependence in SK-BR-3 cells.
Soluble Δ15HER2-His protein downregulates HER2 protein and inhibits tyrosine
phosphorylation of HER3
SSO111 led to generation of the novel Δ15HER2 mRNA. Δ15HER2 should encode a
soluble secreted protein, since skipping of exon 15 in HER2 pre-mRNA generates a stop
codon in exon 16 and truncates the protein before the transmembrane exon 17. Retaining
most of the HER2 ECD sequence (579 out of ~649 amino acids), Δ15HER2 protein may be
able to associate with HER2 and HER3, as does the full HER2 ECD,32 form unproductive
dimers, and interfere with HER2-mediated signal transduction. To test this hypothesis, we
generated Δ15HER2 cDNA from the total RNA of SK-BR-3 cells after SSO111 treatment,
cloned, expressed and purified a C-terminal 6×His tag version in MCF-7 cells. This allowed
for protein expression without the induction of HER2 dependent apoptosis. The purified
Δ15HER2 protein was added, at 60, 120 or 240 nM, to the culture media of SK-BR-3 cells;
after 48 hours incubation, the cells were analyzed by Western blot for HER2, HER3, and
their phosphorylation status. The data (Fig. 5A) show that increasing concentrations of
Δ15HER2-His protein decreased total HER2 protein in the cells by up to 80%;
phosphorylated HER2 was slightly affected at 60 and 120 nM, and was decreased by ~80%
with 240 nM Δ15HER2-His. In agreement with the established importance of HER2 in
HER3 phosphorylation in SK-BR-3 cells, we found that phosphorylated HER3 decreased in
a dose-dependent manner after treatment with Δ15HER2-His protein in parallel with HER2
protein. In contrast, total HER3 was essentially unaffected by Δ15HER2-His (See below and
the Discussion for interpretation of these results). To examine whether downstream PI3K
signaling pathway was affected, we analyzed the phosphorylation level of Akt after
heregulin stimulation. Preincubation of SK-BR-3 cells with Δ15HER2-His protein resulted
in a dose-dependent reduction of phosphorylated Akt (Fig 5A), suggesting the PI3K
pathway activation was inhibited.
To investigate the effect of Δ15HER2-His protein on HER3 without the influence of HER2,
exogenous Δ15HER2-His protein was added to MCF7 cell culture. In MCF7 cells, basal
phosphorylated HER3 levels are low, so heregulin was added to activate HER3 tyrosine
phosphorylation, via dimerization with low levels of HER4. The Δ15HER2-His protein had
only a minimal effect on HER3 phosphorylation (Fig. 5B), suggesting its inability to
inactivate HER4-mediated transactivation. However, in stark contrast to SK-BR-3 cells,
total HER3 protein was decreased by up to 70% after Δ15HER2-His protein treatment,
suggesting that Δ15HER2-His can bind monomeric HER3 (see Fig. 5B and Discussion).
Importantly, Δ15HER2-His protein treatment affected viability of SK-BR-3 cells in a dose-
dependent manner (Fig. 5C). The effect on MCF-7 cells was negligible at 240 nM (85%
viable), suggesting that Δ15HER2-His protein specifically kills HER2-dependent cells.
Furthermore we confirmed that Δ15HER2-His exerted its function through direct interaction
with membrane bound HER2. This was shown by transfection of SK-BR-3 cells with the
Δ15HER2-His expression plasmid and immunoprecipitation of the total lysates with an anti-
His antibody 48 hours post transfection. Full-length HER2 protein was detected in the
immunoprecipitates immunoblotted with a HER2 antibody (Fig. 6A), demonstrating that
Δ15HER2-His and HER2 proteins interact. In MCF7 cells, expressed Δ15HER2-His also
co-immunoprecipitated HER3 (Fig. 6B), confirming a direct interaction of the protein with
its target in these cells.
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Traditional anti-HER2 methods have achieved successes, but with limitations. For example,
antibody-based therapeutics are limited to targeting HER2 molecules displayed on cell
surface, while tyrosine kinase inhibitors may target kinases other than HER2.7 As an
alternative strategy, use of splice switching oligonucleotides (SSOs) can regulate gene
expression by interfering with pre-mRNA splicing. In this work, we used an SSO to induce
skipping of exon 15 in HER2 pre-mRNA. SSO111 reduced the level of full-length HER2
mRNA, which resulted in dose-dependent suppression of HER2 protein level. SSO111
induced significant growth inhibition and apoptosis in HER2-overexpressing SK-BR-3 cells.
The lack of apoptosis in MCF7 cells suggests that specificity of the SSO effects depends on
HER2 overexpression. The biological effects observed here are consistent with other reports
in which HER2 was inhibited by various approaches such as monoclonal antibodies,33
antisense oligonucleotides,15 or RNA interference (RNAi).13 The latter two also regulate
gene expression at mRNA level. Traditional antisense oligonucleotides require high
concentrations (e.g. 1 µM15). Synthetic siRNAs, mediator for RNAi, have to limit numbers
and/or forms of chemical modifications, which are required for improving in vivo
performance, to stay compatible with the RNAi machinery.34
In SSO111-treated SK-BR-3 cells, the upregulated Δ15HER2 mRNA provides a positive
and specific readout for the activity of SSO111, which is a remarkable attribute of SSO
approach. Δ15HER2 protein was not detected either in the lysates or extracellular media
with Western blot. It is not due to the instability of Δ15HER2 mRNA, since inhibition of
NMD (nonse-mediated decay)35 through RNA interference36 didn’t change the level of
Δ15HER2 mRNA (data not shown). It is possible that cells that highly expressed the protein
from SSO treatment underwent apoptosis and were therefore eliminated from analysis.
With Δ15HER2 cloned from SSO111 treated cells, our studies revealed properties
reminiscent of HER2 inhibitors, e.g. Herceptin and Herstatin; both selectively toxic to
HER2-dependent cells. Binding of Herceptin and Herstatin to the ECD of cell surface HER2
leads to endocytosis and degradation of HER2 receptor.37, 38 Similarly, Δ15HER2-His
reduced total HER2 protein level in SK-BR-3 cells after 48-hour incubation. The fact that
phosphorylated HER2 was only affected at high concentrations of Δ15HER2-His suggests
preferential binding of Δ15HER2-His to monomeric HER2 molecules on the cell surface.
Only at large excess was Δ15HER2-His able to disrupt HER2 homodimer formation and
decrease the constitutive activation. Note that SK-BR-3 cells express ~2 million HER2
molecules per cell.39
Interestingly, Δ15HER2 protein treatment has different effects on HER3 protein in MCF7
and SK-BR-3 cells, which may be due to their relative HER2 expression levels. In SK-BR-3
cells, HER3 transphosphorylation occurs mainly through HER2 heterodimer formation.
Thus, the reduction in HER3 phosphorylation mirrors the reduction of monomeric HER2 by
Δ15HER2-His, as observed with Herceptin.40 In MCF7 cells, HER3 expression is about
two-fold that in SK-BR-3 cells, while HER2 is ~100-fold lower.39 Therefore, more
monomeric HER3 is available for Δ15HER2-His binding, which explains the more
significant reduction of HER3 protein in MCF7 cells. The minor effect of Δ15HER2-His on
HER3 phosphorylation in MCF7 cells suggests that Δ15HER2-His may not inhibit HER3
transactivation by EGFR receptors other than HER2.
In summary, SSO111 downregulated HER2 mRNA through exon 15 skipping, which
resulted in the inhibition of proliferation and induction of apoptosis in HER2-overexpressing
tumor cells. Furthermore, SSO111 served as a platform for the identification of a novel
HER2 ECD variant; the protein encoded by the exon 15-skipped HER2 mRNA, Δ15HER2,
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was able to downregulate HER2 and HER3, interfere with HER2-mediated transactivation
of HER3, and specifically kill HER2-dependent cells. Both SSO111 and the Δ15HER2
protein should be further explored in vivo as potential candidates for the development of
novel HER2-targeted cancer therapeutics.
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EGFR epidermal growth factor receptor
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Skipping of exon 15 in HER2 pre-mRNA. A) SSOs were designed to target the 5’ splice site
of exon 15. Skipping of exon 15 induced by SSOs generated a downstream stop codon, and
results in a truncated HER2 ECD. Thick bar: SSO. Part of HER2 pre-mRNA (3’ to 5’, with
intron underlined), SSO111, and SSO111m (with mismatches underlined and highlighted in
bold) were shown in B). B) and C) Results from the analysis of total cellular RNA by RT-
PCR are shown: B) Dose-dependence of SK-BR-3 cells treated with SSO111 at designated
concentrations for 24 hours; C) Time-course of Sk-BR-3 cells treated with SSO111 for the
designated time at 100 nM. The lengths of the PCR products (in base pairs) are indicated.
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Lower panels in B) and C): quantitative analysis of the results. Gray bars: SSO111
transfected cells; white bars: 111m-transfected cells.
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Western blot analysis of HER2 protein from SK-BR-3 cells transfected with SSO111. A)
dose dependence (at 48 hours). B) time course (at 100 nM). Top panels: HER2 protein;
lower panels: β-actin as a loading control. See “Methods and Materials” for details.
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Growth inhibition of SK-BR-3 cells by SSO111 treatment. A) Western blot demonstrating
relative HER2 expression in MCF7 and SK-BR-3 cell lines (20 µg protein/lane). B) MTS
assay of SK-BR-3 (black bar) and MCF7 (gray bar) cells after 72 hours incubation with 100
nM SSO111. Shown are the mean ± standard deviation of triplicates.
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PARP cleavage as a marker for apoptosis after SSO111 treatment. In SK-BR-3 cells: A)
dose dependence (at 48 hours); B) time course (at 100 nM). In MCF7 cells: C) time course
(at 100 nM). Full-length PARP: 116 kDa; cleavage product: 85 kDa.
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Effects of Δ15HER2-His protein on HER2/HER3 receptors. Western blot analysis of (A)
SK-BR-3 and (B) MCF7 cell lysates after treatment with purified Δ15HER2-His protein at
the designated concentrations. For analysis of phosphorylated Akt (p-Akt) in A) and
phosphorylated HER3 (p-HER3) protein in B), cells were stimulated with heregulin (15 min,
20 ng/ml). C) Growth inhibition of SK-BR-3 cells by Δ15HER2-His protein treatment after
72 hours incubation analyzed by MTS assay. Shown are the mean ± standard deviation of
triplicates.
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Interaction between Δ15HER2-His protein and HER2/HER3. A) SK-BR-3 and B) MCF7
cell lysates were collected 48 hours after transfection with Δ15HER2-His plasmid, the
protein was immunoprecipitated with anti-His tag antibody and blotted with anti-HER2
antibody and anti-HER3 antibody, respectively.
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